Abstract. The Princeton Ocean Model -POM (Blumberg and Mellor, 1987) has been implemented in the Northwestern Mediterranean nested (in one-way off-line mode) to a general circulation model of the Mediterranean Sea -OGCM (Pinardi and Masetti, 2000; Demirov and Pinardi, 2002) in order to investigate if this model configuration is capable of reproducing the major features of the circulation as known from observations and to improve what has been made by previous numerical modeling works. According to the model results, the large-scale cyclonic circulation in the northern part of the Northwestern Mediterranean is, at least in the upper layers, less coherent in winter and spring than in summer and autumn. Furthermore, there is evidence that the mesoscale structure (eddies and meanders) is, during all year, a significant dynamic characteristic in this region of the Mediterranean Sea. Finally, concerning the circulation in the lower layers, the model results have confirmed that Levantine Intermediate Water (LIW) and Western Mediterranean Deep Water (WMDW) follow essentially a cyclonic path during all year.
Introduction
The Mediterranean Sea is a semi-enclosed sea acting like an ocean system in which several temporal and spatial scales (basin, subbasin, and mesoscale) interact to form a highly complex and variable circulation (Fernández et al., 2005) . Millot (1991) has mentioned that the major surface currents flowing along slope, can be affected by instability processes that sometimes lead to the generation of turbulent phenomena such as mesoscale eddies, which can induce relatively intense currents and great heterogeneity of the hydrological characteristics. On the other hand, Send et al. (1999) 
sustain
Correspondence to: A. Cruzado (cruzado@ceab.csic.es) that the development of an upper mixed layer by summer solar heating and the convective processes caused by winter cooling and strong winds produce seasonal changes in the near-surface circulation whose effects mainly consist of modulations in the intensity and smaller scale variability of the current systems. More recently, Molcard et al. (2002) have suggested that the main permanent features of the general circulation (Gulf of Lions cyclonic gyre, Rhodes cyclonic gyre, Gulf of Syrte anticyclonic gyre) are induced by the permanent wind stress curl structure. They point out that the magnitude and spatial variability of the wind is important in determining the appearance or disappearance of some gyres such as the Tyrrhenian anticyclonic gyre and the Ionian cyclonic gyre. Concerning the circulation at deeper layers, it is generally accepted that it follows the topography of the different subbasins (La Violette, 1990) , describing basically a cyclonic path.
In the last years, the Mediterranean Sea has been subject to several numerical modeling works focused mainly on the study of the circulation and mechanisms that generate it at different temporal and spatial scales (Menzin and Moskalenko, 1982; Heburn, 1987; Bergamasco, 1989, 1991; Stanev et al., 1989; Beckers, 1991; Tziperman and Malanotte-Rizzoli, 1991; Bergamasco et al., 1993; Pinardi and Navarra, 1993; Alvarez et al., 1994; Haines and Wu, 1995; Roussenov et al., 1995; Zavatarelli and Mellor, 1995; Herbaut et al., 1996; Wu and Haines, 1996; Herbaut et al., 1997; Brankart and Brasseur, 1998; Castellari et al., 1998; Drakopoulos and Lascaratos, 1999; Bergamasco et al., 1999; Pinardi and Masetti, 2000; Beckers et al., 2002; Demirov and Pinardi, 2002; Molcard et al., 2002; Zavatarelli et al., 2002; Brenner, 2003; Echevin et al., 2003; Korres and Lascaratos, 2003; Sorgente et al., 2003; Tonani, 2003; Zavatarelli and Pinardi, 2003; Fernández et al., 2005; Jordà, 2005; and others) . Nevertheless, the variety of models, configurations, parameterizations, resolutions, forcing, etc., found in the literature on numerical modeling of the Mediterranean Sea circulation, in some way, suggest that no single model is going to be the best one for all applications. In this context, the state of the art continuously offers new perspectives with room for improvements of model design, formulations, parameterizations, etc. In this work, a numerical modeling system based on the Princeton Ocean Model (Blumberg and Mellor, 1987) has been implemented in the Northwestern Mediterranean nested (in one-way offline mode) to a general circulation model of the Mediterranean Sea -OGCM (Pinardi and Masetti, 2000; Demirov and Pinardi, 2002) in order to investigate if this model configuration is capable of reproducing the major features of the circulation as known from observations and to improve what has been made by previous numerical modeling works.
This article is organized as follows. A brief description of the principal characteristics of the Princeton Ocean Model, along with details of its configuration for the Northwestern Mediterranean Sea is given in Sect. 2. Atmospheric forcing and initial conditions used for the climatological integration of this model configuration are briefly analyzed in Sect. 3. The model results and discussions are presented in Sect. 4, and conclusions are offered in Sect. 5.
Numerical model

Model description
The Princeton Ocean Model (POM) is a 3-D primitive equations ocean circulation model, which has been described in detail by Blumberg and Mellor (1987) and Mellor (2004) . POM is a free surface, sigma coordinate model that uses a time-splitting technique to solve depth-integrated and fully three-dimensional equations with different time steps. The surface elevation, velocity, temperature, and salinity fields are prognosticated assuming the fundamental hypotheses: i) that the seawater is incompressible, ii) that the pressure in any point of the ocean is equal to the weight of the column of water over it (hydrostatic approximation), and iii) that the density can be expressed in terms of a mean value and a small fluctuation (Boussinesq's approximation). Consequently, in a system of orthogonal Cartesian coordinates, the governing equations are Vertical mixing coefficients, K M and K H , are computed according to the Mellor-Yamada 2.5 turbulence closure scheme (Mellor and Yamada, 1982) . This scheme requires prognostic calculations of (q 2 ) and (q 2 ℓ), where the turbulent kinetic energy is q 2 2 and the turbulence macro scale is (ℓ). The equations that calculate q 2 and q 2 ℓ are similar to those used for temperature and salinity and include production and dissipation source/sink terms. Horizontal diffusion terms (F U , F V , F θ , and F S ) are computed using the Smagorinsky (1963) formulation, implemented into POM according to Mellor and Blumberg (1986) . The last term in Eq. (4), is the solar radiation flux that penetrates the sea surface. The UNESCO equation of state, as adapted by Mellor (1991) is used. The in situ density is determined as a function of salinity, potential temperature and pressure; the latter being approximated by the hydrostatic relation and constant density.
Model configuration
The model domain comprises the northwestern region of the Mediterranean Sea, from 38.5 • N to 44.5 • N and from 0.5 • W to 10.5 • E. The bottom topography is based on the U.S. Navy Digital Bathymetric Data Base 5 (1/12 • ×1/12 • ) mapped onto the model domain using bilinear interpolation. The resulting topography is shown in Fig. 1 (Fernández et al., 2005) . In the vertical, the grid has 27 sigma layers with logarithmic distributions at the surface and at the bottom and a linear distribution in between. Nine reduced thickness sigma layers have been laid at the surface while at the bottom there are six. Other significant model parameters are given in Table 1.
Open lateral boundary conditions
Along the two open lateral boundaries, the NMS model is forced with velocity, salinity and temperature fields obtained from the 8th year of the Mediterranean Sea OGCM climatological integration (perpetual year run). This Mediterranean Sea model is based on the rigid lid Modular Ocean Model (MOM), which was configured with a horizontal resolution of 1/8 • ×1/8 • and 31 vertical levels and it was forced by the same atmospheric data set used here. For more details about the model configuration see Demirov and Pinardi (2002) , Korres and Lascaratos (2003) and Tonani (2003) . Given that the NMS model has not the same horizontal resolution than the OGCM, a horizontal bilinear interpolation of the OGCM fields was necessary. Besides, as the vertical coordinate system is different, these data were transformed from z-levels to sigma coordinates using a linear interpolation. Finally, to avoid temporal discontinuities on the open lateral boundaries of the NMS model, all data are specified at each time step using a linear interpolation in time between consecutive 10-day averaged fields. For the internal mode, velocities normal to the open lateral boundaries were directly specified from the OGCM outputs, ensuring at each time step a zero net volume transport on the boundary. To do this, we applied the procedure described in detail by Zavatarelli et al. (2002) , Korres and Lascaratos (2003) , and Zavatarelli and Pinardi (2003) . On the other hand, after several sensitivity tests to different formulations for the open lateral boundary conditions, the NMS model solution did not show overly sensitive to the velocity component tangential to the open lateral boundaries. For this reason, in this particular experiment, we set it to zero. For salinity and temperature, whenever the normal velocity is directed outwards from the NMS model's domain (outflows), the values are extrapolated from the interior solution using an upstream advection scheme. Otherwise, in cases of inflow through the boundary, salinity and temperature are prescribed from the OGCM outputs.
For the external mode, it is imposed
whereŪ andV are the vertically integrated velocities on the NMS model's open lateral boundaries, H is the bottom depth, η is the free-surface elevation, andŪ OGCM andV OGCM are the vertically integrated velocities from the OGCM outputs. The ratio H (H + η) is employed to ensure the volume continuity al. , 2002, 2003) . Finally, tangential velocities were set to zero and a zero-gradient condition for the free-surface elevation was used.
Surface boundary conditions
All atmospheric forcing (wind stress, heat flux and freshwater flux components) are mapped onto the NMS model grid using bilinear interpolation. Additionally, during the model integration, the atmospheric forcing is specified at each external or internal time step, using linear interpolation in time between successive fields. So, the surface boundary condition for momentum is prescribed according to
where τ x and τ y represent the surface wind stress components obtained from the European Center for MediumRange Weather Forecasts (ECMWF) 1979-1993, 6-h reanalysis data on a regular 1 • by 1 • grid (for more details about these data, see Korres and Lascaratos, 2003) and ρ 0 is the density of reference taken as 1025 kg m −3 (Mellor, 2004) . For temperature the following formulation is used where Q T represents the total heat flux and C p the specific heat of seawater, 3986 Jkg −1 (Mellor, 2004) . The second term in Eq. (8) is the heat flux correction term, where SST is the sea surface temperature obtained from the MED6 monthly climatology, T is the temperature at the first layer of the NMS model, and C 1 is a coefficient taken as 15 Wm −2• C −1 . In this way the heat flux is forced to produce a sea surface temperature consistent with the MED6 monthly climatology (Sorgente et al., 2003) . For salinity the surface boundary condition is given according to
where E corresponds to the monthly evaporation rate calculated according to E=Q E L V (Zavatarelli and Mellor, 1995; Korres and Lascaratos, 2003; Sorgente et al., 2003) , P is the monthly precipitation obtained from Legates and Willmot (1991) . The second term in Eq. (9) is the freshwater flux correction term, where SSS is the sea surface salinity obtained from the MED6 monthly climatology, S is the salinity at the first layer of the NMS model, and C 2 is a coefficient taken as 0.7 m/day. The correction term accounts for the imperfect knowledge of E − P , especially of P (Sorgente et al., 2003) . Finally, where the Rhone and the Ebro rivers discharge their waters an additional term is included in the surface boundary condition for salinity so that the first term on the right side of Eq. (9) is considered as (E − P − R i )/ρ 0 , where R i represents the river runoffs in ms −1 . Finally, for the turbulence kinetic energy and the turbulence master length scale, the surface boundary condition is prescribed according to Mellor (2004) .
Bottom boundary conditions
The bottom boundary conditions for momentum, salinity, temperature, turbulence kinetic energy and the turbulence master length scale, are set according to Mellor (2004) . The spatial distribution of the net heat flux in the NMS model's domain for a typical winter (February) and summer (August) month is shown in Fig. 2 . During February heat is lost throughout the domain, especially over the Gulf of Lions, the Ligurian Sea and along the west coast of Sardinia. In contrast, during August heat is gained everywhere, particularly in the Gulf of Lion cyclonic gyre, over the southern part of the Ligurian Sea and along the southern boundary of the NMS model's domain. In general, there is a meridional (south-north) gradient, more evident in February but less in August. 
Wind stress
The climatological wind stress fields for February and August are shown on Fig. 3 . The most prominent feature during these months is the incidence of winds blowing from northwest, mostly over the central region of the NMS model's domain and over the Catalan Sea. These winds are clearly more intense in a perpendicular line to the Gulf of Lions, weakening toward the Catalan Sea. In contrast, on the Ligurian Sea the winds are comparatively less strong, following a path nearly anticyclonic in August, while in February they practically blow from north. It is also evident that the mountain ranges in the Balearic Islands, Sardinia, and Corsica play an important role in the final trajectory of these winds, which shows a very clear curvature on the south side of the Balearic Islands and on the east side of Sardinia and Corsica. In August, the winds describe an almost cyclonic trajectory in the Balearic Islands region, which disappears in February. On the other hand, the winds over the eastern region of Sardinia and Corsica blow eastward during both months. In general, the climatological winds are more intense during February than during August.
Evaporation rate minus precipitation
The spatial distribution of evaporation rate minus precipitation (E-P) for February and August is shown in Fig. 4 . This figure illustrates the freshwater losses affecting the entire NMS model's domain, especially intense in the Gulf of Lions and between Minorca and Sardinia. During February there is a clear southwest-northeast gradient, while during August this gradient is not so well defined.
Sea surface temperature and salinity
The sea surface temperature and salinity from the MED6 monthly climatology for February and August are shown in Figs. 5 and 6. The sea surface thermal structure over the NMS model's domain in February is moderately homogeneous, particularly in the northern area that extends from the Balearic Islands to the Ligurian Sea. In this region, the temperature does not exceed 13. salinity values between 37.2 and 37.8 over the southern region (between ∼38.5 • and 41 • N), and 3) salinity values of 38 on the region north of 41 • N. In the latter, the exceptions are the Gulf of Lions shelf and the west part of the Ligurian Sea where salinities of 37.8 are observed. From a seasonal point of view, the sea surface salinity on the NMS model's domain does not show significant variations from one month to another. However, it is evident that waters with salinities between 37.6 and 37.8 invade the northern region mainly in August.
River runoffs
According to the Compagnie Nationale du Rhône (Younes et al., 2003) , the Rhone River runoffs, from 1996 to 2000, varied from a monthly average maximum of 2522 m 3 s −1 (December) to a minimum 943 m 3 s −1 (August) with an annual mean value of 1745 m 3 s −1 . During the same period, the Ebro River annual mean runoffs; obtained from the Confederación Hidrográfica del Ebro (Jordà, 2005) a monthly average maximum of 689 m 3 s −1 (January) and a minimum of 128 m 3 s −1 (August).
Initial conditions
According to the 8th year of the Mediterranean Sea OGCM perpetual year run, the large-scale circulation in the northwestern Mediterranean is dominated by a large cyclonic gyre, which is more evident below the sea surface ( Figs approximately latitudinal with higher salinity values at the northern areas, especially inside the large cyclonic gyre. In contrast, the western part of the Tyrrhenian Sea does not show this latitudinal gradient but its salinity values are comparable to those inside the cyclonic gyre. On the other hand, the horizontal distribution of potential temperature (Figs. 9 and 10) shows the lower values (between ∼13-14 • C) over the northern part of the Catalan Sea, the Gulf of Lions, the Ligurian Sea and particularly, inside the large cyclonic gyre. In contrast, the higher temperatures (between ∼14.5-17 • C) are observed on the southern part of the NMS model domain, including the southwestern area of the Tyrrhenian Sea.
Model results and discussions
In the following paragraphs the NMS model results for a typical summer (August), autumn (November), winter (February) and spring (May) month will be analyzed. These re- sults correspond to the climatological integration of the NMS model, which was run for 12 years with forcing and initial conditions described in Sect. 3 and model parameters summarized in Table 1 . According to this climatological experiment, during August the northern part of the NMS model's domain is characterized by a well-defined large-scale cyclonic circulation at least up to 400-m depth (Fig. 11 and Fig. 12, upper panel) . south and to the north of the Balearic Islands), appears as a continuous northeastwards flow closing the cyclonic circulation that is delimited southward by an oceanic front. In contrast, the southern region of the NMS model's domain is dominated principally by mesoscale eddies with different sign and dimension. These eddies, as it can be seen from the distribution of salinity, appear to play an important role in the advection of water of Atlantic origin towards the north. Concerning the circulation over the part of the Tyrrhenian Sea considered in this study, there is indication that, in the upper layers (see Fig. 11 , upper panel) the flow is mainly northwards while it is southwards in the lower layers (see Fig. 11 , lower panel and Fig. 12 ) along the Corsican and Sardinian coasts. In general, it is evident that Levantine Intermediate Water (LIW) (Fig. 12, upper panel) and Western Mediterranean Deep Water (WMDW) (Fig. 12, lower panel) , possibly constrained by the bottom topography, follow essentially a cyclonic path. During November the large-scale cyclonic circulation is basically the same as in August but, in this case, a stretching around 42 • N-4 • 45 ′ E is displayed (Fig. 13 ). This stretching, observed as a large meander invading the northern part, appears to be associated with the Gulf of Lions cyclonic gyre, which is relatively well-defined. Other significant features in this month are the presence of several mesoscale eddies along the western side of the Corsica and the occurrence of a cyclonic gyre on the western Tyrrhenian Sea, specifically to the north of the Strait of Bonifacio. Over the southern region of the NMS model's domain, mesoscale eddies are as in August the most important dynamic characteristic. In general, also during November, the LIW (Fig. 14, upper panel) and WMDW (Fig. 14, lower panel) follow a cyclonic path. In February, several differences in the large scale circulation and mesoscale structure are evident. At 30-m depth ( Fig. 15; upper panel) the large-scale cyclonic circulation appears relatively less coherent than in the previous months but, at 160-m depth ( Fig. 15; lower panel) , it is fairly similar. During this month, the NC is comparatively less intense and three large gyres are displayed on the Ligurian Sea and offshore the Gulf of Lions where a large anticyclonic gyre closes to the Gulf of Lions cyclonic gyre is present. Furthermore, mesoscale eddies detected up to 160-m depth prevail over the entire southern region, with evident effect, at least in the upper layer, on the southern part of the large-scale cyclonic circulation. Also, in this season, the cyclonic gyre on the western side of the Tyrrhenian Sea is present. Below this depth, the LIW (Fig. 16 , upper panel) and WMDW (Fig. 16 , lower panel) follow, as in August and November, essentially a cyclonic path. Finally, during May, at 30-m depth (Fig. 17, upper panel) , the NC becomes relatively more intense than in February but even less strong than during August and November. In this month, although the large gyres in the Ligurian Sea and in the Gulf of Lions open sea are less evident, the large scale cyclonic circulation is not completely reestablished. In addition, over the southern part of the Catalan Sea, meanders and mesoscale eddies have been developed. Furthermore, on the southern region of the NMS model's domain, the number of mesoscale eddies have diminished and the cyclonic gyre on the western side of the Tyrrhenian Sea has disappeared. At 160-m depth (Fig. 17, lower panel) , the large-scale cyclonic circulation is basically as in the previous months but, mesoscale eddies have almost disappeared from the southern region of the NMS model's domain. Below this depth, the circulation of both LIW (Fig. 18, upper panel) and WMDW (Fig. 18, lower panel) is also cyclonic.
From these results, it is evident that the circulation in the Northwestern Mediterranean Sea is more complicated than that published by early works (among other, Nielsen, 1912; Allain, 1960 , Furnestin, 1960 Wüst, 1961; Ovchinnikov, 1966) . In this context, recent studies (WMCE Group, 1994; EUROMODEL Group, 1995) have pointed out that because of scarcity and spacing of ocean stations, early studies of the area have presented a simple pattern of the circulation, which is more complex and driven by a combination of factors and time scales. Several observational studies carried out in the nineties (Send et al., 1999) and during the last years have showed evidence of important mesoscale activity (fronts, meanders, eddies, filaments, etc.) affecting the circulation at local, sub-basin and basin scale. More recently, in order to investigate if the intrinsic ocean variability could be a source of interannual variability, Fernández et al. (2005) implemented an eddy permitting rigid lid ocean model (the DieCAST model) in the whole Mediterranean Sea. The model results showed the seasonality of some currents, an important eddy field and numerous fronts distributed all over the Mediterranean Sea. In the present study, an eddy permitting free surface ocean model (the POM model) forced at the surface with climatological heat fluxes and wind stress, and on the open lateral boundaries with temperature, salinity and velocity fields obtained from a Mediterranean Sea general circulation model, has confirmed that: 1) the large-scale cyclonic circulation in the Northwestern Mediterranean Sea changes from one season to another; 2) the mesoscale structure is, during all year, a significant characteristic in this region of the Mediterranean Sea, and 3) the circulation of Levantine Intermediate Water (LIW) and Western Mediterranean Deep Water (WMDW) is basically cyclonic during all year.
Conclusions
It is concluded that the large-scale cyclonic circulation in the northern part of the Northwestern Mediterranean is, at least in the upper layers, less coherent in winter and spring than in summer and autumn. It is also concluded that the mesoscale structure (eddies and meanders) is, during all year, a significant dynamic characteristic in this region of the Mediterranean Sea. Concerning the circulation in the lower layers, it is concluded that Levantine Intermediate Water and Western Mediterranean Deep Water follow essentially a cyclonic path during all year.
